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Simian immunodeficiency viruses infecting western lowland gorillas (SIVgor) are closely related to HIV-1 and are most likely the
ancestors of HIV-1 groups O and P. At present, limited data are available on genetic diversity, transmission, viral evolution, and
pathogenicity of SIVgor in its natural host. Between 2004 and 2011, 961 putative gorilla fecal samples were collected at the
Campo Ma’an National Park, Cameroon. Among them, 16% cross-reacted with HIV-1 antibodies, corresponding to at least 34
infected gorillas. Combining host genotyping and field data, we identified four social groups composed of 7 to 15 individuals
each, with SIV rates ranging from 13% to 29%. Eleven SIVgor-infected gorillas were sampled multiple times; two most likely
seroconverted during the study period, showing that SIVgor continues to spread. Phylogenetic analysis of partial env and pol
sequences revealed cocirculation of closely related and divergent strains among gorillas from the same social group, indicating
SIVgor transmissions within and between groups. Parental links could be inferred for some gorillas infected with closely related
strains, suggesting vertical transmission, but horizontal transmission by sexual or aggressive behavior was also suspected. Intra-
host molecular evolution in one gorilla over a 5-year period showed viral adaptations characteristic of escape mutants, i.e., V1V2
loop elongation and an increased number of glycosylation sites. Here we show for the first time the feasibility of noninvasive
monitoring of nonhabituated gorillas to study SIVgor infection over time at both the individual and population levels. This ap-
proach can also be applied more generally to study other pathogens in wildlife.

himpanzees and gorillas are the only nonhuman primates

known to harbor viruses closely related to HIV-1 (22, 40, 56).
Phylogenetic analyses showed that gorillas acquired the simian
immunodeficiency virus SIVgor from chimpanzees (50), and
SIVcpz/SIVgor strains have been transmitted to humans on at
least four occasions, leading to HIV-1 groups M, N, O, and P.
West Central African chimpanzees (Pan troglodytes troglodytes)
infected with SIVcpzPtt in southern Cameroon are recognized as
the reservoir of the ancestors of pandemic HIV-1 group M and of
HIV-1 group N (22). SIVgor from western lowland gorillas (Go-
rilla gorilla gorilla) is closely related to the two other HIV-1 lin-
eages, i.e., group O and group P (34, 56). Group O represents 1%
of HIV-1 infections in West Central Africa, and group P was re-
cently shown to infect two Cameroonian patients (39, 42, 52, 57).
The direct ancestors of HIV-1 group O have not been identified
yet, but the short genetic distance between HIV-1 group P and
SIVgor suggests that a zoonotic transmission of SIV from gorillas
to humans has occurred (34, 42).

SIVgor infection was reported for the first time in 2006, when it
was isolated from fecal samples from three gorillas living about
400 km apart in Cameroon (56). Between 2006 and 2008, a com-
prehensive survey was conducted to determine the geographic
distribution and prevalence of SIVgor in wild gorilla populations
in southern Cameroon (34). This study was conducted on fecal
samples from more than 1,200 gorillas from 21 locations and
showed that SIVgor infection is much less widespread than
SIVcpzPtt infection in chimpanzees. SIVgor infection was found
at only 3 sites, whereas SIVcpzP#t infection was identified at 10
locations. Moreover, the overall SIV prevalence in gorillas was
1.6% (ranging from 0% to 4.6%), which is significantly lower than
the average prevalence of 5.9% (ranging from 0% to 32%) ob-
tained for chimpanzees. However, a closer look at the locations
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where the SIVgor infection rate reached almost 5% showed that a
quarter of the individuals belonging to selected social groups were
infected with this virus.

Our knowledge of the consequences of SIV infection on the
health of wild-living ape populations is limited to a few studies on
chimpanzees, and at present we have no information on the im-
pact of SIVgor infection on gorillas. Only one long-term study,
initiated more than 10 years ago on a few habituated communities
of East African chimpanzees (P. t. schweinfurthii) living in Gombe
National Park, Tanzania, provided evidence that SIVcpzPts infec-
tion has a negative impact on the health, reproduction, and sur-
vival of chimpanzees in the wild and can cause the decline of
chimpanzee populations (21, 44). SIVcpzPtt infecting P. t. troglo-
dytes can also lead to an AIDS-like disease in this subspecies, as
documented in a recent report of a naturally infected chimpanzee
rescued in Cameroon (13). Since gorillas acquired SIV only re-
cently, by cross-species transmission from chimpanzees (50), we
can hypothesize that SIV infection may also have a negative health
impact on lowland gorilla populations. However, there are no
studies to date that have included G. g gorilla habituation to hu-
mans and long-term health monitoring of these populations.
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Studies to characterize SIVgor infection in its natural host in more
detail are highly needed but are particularly challenging in light of
the elusive nature of this species, its endangered status, and the
documented constant threat of poaching and human disturbance
(63). During our previous exploratory surveys, we identified 13
SIVgor-infected gorillas in a relatively small territory of the
Campo Ma’an National Park in southwestern Cameroon (34). We
therefore decided to focus our efforts on the nonhabituated gorilla
groups living in this area and to determine the feasibility of long-
term monitoring of SIV infection in these apes by collecting fecal
samples over time and genotyping the SIVgor-positive samples
and a subset of negative ones at selected microsatellite loci. This
follow-up study allowed us not only to characterize new viral
strains but also to document potential routes of viral transmission
within and between gorilla groups. Furthermore, sequential sam-
pling of the same infected individuals enabled us to document
viral evolution and adaptation. Finally, we show for the first time
that it is possible to sample and resample the same gorillas in a
noninvasive way and thus to study their viral infections. In the
future, information obtained from such long-term studies will be
crucial to understanding the evolution and pathogenicity of
SIVgor, one of the precursors of HIV-1.

MATERIALS AND METHODS

Study site and sample collection. The Campo-Ma’an National Park was
created in 2000 and covers 2,640 km? of primary and mangrove forests in
southwestern Cameroon, spanning an area from the Atlantic coast to
roughly 100 km inland (62). We conducted our follow-up study in an area
of approximately 200 km? at the center of the Campo-Ma’an National
Park (CP), where previous surveys showed a relatively high rate of SIVgor
infection in wild gorillas (34). In this follow-up study, the three previously
described zones of collection (CP-GR, CP-OV, and CP-MV) were pooled
together and were considered a single site, as they are located less than 10
km from each other and SIVgor-positive individuals were identified at all
three locations. A total of 12 sampling sessions were conducted between
April 2004 and November 2011, including four previously reported ses-
sions from our prospective studies (34, 56). At each sampling session,
three field teams collected gorilla fecal samples from locations around
night nests, on the ground, at feeding sites, or directly on track. At each
collection, the GPS position and estimated time of fecal deposition were
recorded. Fecal samples collected on the same day, at the same GPS loca-
tion, and with the same estimated time of deposition were defined as a
cluster of collected samples and were assumed to be from the same gorilla
group, especially at nesting sites (1). Sequential numbers were assigned to
these clusters of collected samples during the 7.5-year study period (clus-
ters 01 to n). The species origin was inferred in the field, according to cues
such as the type of nest, footprints, texture, and odor of the samples.
About 20 g of dung was collected in a 50-ml tube containing 20 ml of
RNAlater (Ambion, Austin, TX), kept at ambient temperature at base
camp for a maximum of 3 weeks, and then stored at —80°C.

Detection of SIVgor antibodies in fecal samples from gorillas. All
collected fecal samples were tested with the Inno-Lia HIV score confirma-
tion test (Innogenetics, Ghent, Belgium) for the presence of HIV-1-cross-
reactive antibodies. Briefly, 2 ml of fecal sample was incubated with 7 ml
phosphate-buffered saline (PBS)-Tween 20 for 1 h at 60°C, centrifuged at
3,900 X g for 10 min to clarify the solution, and dialyzed against PBS
overnight at 4°C. One milliliter of reconstituted extract was then subjected
to cross-reactive immunoblot analysis (56).

Nucleic acid extraction from ape fecal samples. Total nucleic acids
were extracted from all antibody-positive fecal samples by use of a Nu-
cliSens magnetic extraction kit (bioMérieux, Craponne, France) which
utilizes magnetic silica particles (4). Briefly, 1.5 ml of sample was mixed
with 7 ml of NucliSens lysis buffer for 1 min and incubated at room
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temperature for 1 to 12 h before centrifugation at 3,900 X g for 30 min
(34). The supernatant was filtered through gauze and centrifuged at
3,900 X gfor 5 min. The magnetic extraction procedure was then followed
according to the manufacturer’s instructions to obtain a final elution vol-
ume of 50 pl fecal RNA. A QIAamp stool DNA miniprep kit (Qiagen,
Valencia, CA) was used to extract fecal DNA for species confirmation and
microsatellite analyses. Two milliliters of fecal sample was used to obtain
a final elution volume of 100 pl of fecal DNA (22).

Species and subspecies determination. In a previous study, we
showed that the species determination in the field matched 97.3% of the
time with host mitochondrial DNA (mtDNA) sequence results (34). Nev-
ertheless, for all seropositive fecal samples and a subset of SIV-negative
fecal samples, the species origin was confirmed by mtDNA analyses as
described previously (22, 53, 56). Briefly, an ~450- to 500-bp fragment
spanning the hypervariable D-loop region was amplified using primers
L15997 and H16498 and/or a 386-bp fragment spanning the 12S gene was
amplified using primers 12S-L1091 and 12S-H1478. Phylogenetic analy-
ses of these sequences allowed identification of gorilla samples. If both
amplification strategies yielded no results, samples were considered de-
graded.

Identification of individuals. To identify each SIV-positive individual
and determine the number of SIVgor-infected gorillas, microsatellite
analyses were performed on all seropositive samples (34, 56). Further-
more, negative samples collected at the same location as SIV-positive
samples between April 2004 and November 2010 were also subjected to
microsatellite analyses. Samples were genotyped at seven loci in two mul-
tiplex PCRs (amplifying D18s536, D4s243, D10s676, and D9s922 or
D2s1326,D2s1333, and D4s1627), and for gender determination, a region
of the amelogenin gene that contains a deletion in the X but not the Y
chromosome (48) was amplified using a Taq DNA polymerase core kit
(MP Biomedical, Irvine, CA) with 2 to 10 pl fecal DNA. Homozygous loci
were amplified three to seven times to minimize allelic dropout (3, 33, 49),
and when multiplex PCRs yielded poor results, fecal DNA was extracted
again and a new set of PCRs was performed. We discarded all samples that
did not provide successful results after five PCR attempts and two inde-
pendent DNA extractions. All samples that displayed an incomplete allelic
profile (fewer than four loci), a multiple-peak profile for the same locus,
or discordant results in subsequent analyses were also discarded from
further analyses. The allele size data from successful amplifications were
compared against each other and with those for previously genotyped
individuals (34, 56).

We used Cervus v3.0 (20) and Genecap v3.1 (60) to assess allele fre-
quency, expected heterozygosity, polymorphic information content
(PIC), Hardy-Weinberg (HW) equilibrium, and sibling identity, for par-
entage analysis, and to identify SIV-positive samples with matching geno-
types (5, 19, 35). All genotypes mismatching at one locus were checked for
data entry errors or allelic dropout possibilities (17). To guard for poten-
tial allelic dropout, we allowed an allelic mismatch at one locus, but only
if it represented a missing allele (45). SIV-positive matching samples were
given a consensus ID number and genotype if their P(ID)sib value was
<0.05, corresponding to at least 95% confidence that two matching sam-
ples originated from the same individual (assuming that the individuals
from the panel could be full siblings) (61). Both P(ID)HW and P(ID)sib
were calculated for each individual (14, 38, 58). P(ID)HW is the proba-
bility that two individuals drawn at random from a population will have
the same genotype at multiple loci, whereas P(ID)sib assumes that indi-
viduals are full siblings. In this case, P(ID)sib is more informative for
samples from individuals with a possible full sibling (genetically linked
individuals) and from nonrelated gorillas in the study; the P(ID) to con-
sider is between P(ID)sib and P(ID)HW. We assumed that the loci we
chose for these analyses are inherited independently (i.e., they are un-
linked). For parentage analysis, we first calculated allele frequencies,
which are critical to run simulations and for assessing the confidence of
parentage assignment. Cervus calculates the likelihood ratio, which is the
likelihood that the candidate parent is the true parent divided by the
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likelihood that the candidate parent is not the true parent. Cervus calcu-
lates this ratio for each candidate parent selected, taking into account
possible typing errors. We estimated that we collected and successfully
genotyped half of the offspring in every group, as well as half of the can-
didate parents. The frequency of typing errors and the error rate in likeli-
hood calculations were set at 0.01. The minimum number of typed loci
was set at four (of seven loci), and the proportion of loci typed was 0.83.
Confidence in assignment is defined as the proportion of all candidate
parents with limit-of-detection (LOD) scores exceeding a given LOD
score that are true parents. Simulations of parentage analysis reported that
any candidate parent with an LOD score exceeding a critical value of 2.94
could be assigned parentage with 95% confidence and that those with an
LOD score of 2 could be assigned parentage with a relaxed confidence
of 80%.

Amplification of partial SIVgor sequences in env and pol conserved
regions from fecal RNA. To amplify SIVgor fragments, reverse transcrip-
tion-PCR (RT-PCR) was performed on fecal RNA, using SIVgor-specific
and SIVgor/SIVcpz/HIV-1 consensus primers targeting env (gp41 ecto-
domain; 315 or 440 bp) and pol (245 or 330 bp) as previously reported
(34). To increase the amplification success, a 200-bp fragment in gp41 was
amplified with the following more-specific primers designed from an
alignment of available gp41 sequences previously obtained from SIVgor
strains infecting gorillas in the Campo Ma’an Park: F1,5'-GCT WGC YRT
AGA AAG BTA YCT A-3'; R1, 5'-TCC AAT TCY AGY ARG GCY YTT
TCA T-3'; F2, 5'-TCC TRG GAC TRT GGG GHT G-3'; and R2, 5'-TCA
TTM TYH TCC TGY TGT CCY TGT GC-3'. Reverse transcription was
carried out with 10 pl of fecal RNA and 40 pmol of R1 primer, using
Expand reverse transcriptase (Roche Diagnostics, Indianapolis, IN) or
Superscript Retro-Transcriptase III (Invitrogen, Carlsbad, CA) according
to the manufacturer’s instructions, with minor adjustments as previously
described (34). PCRs were then performed with the Expand Long Tem-
plate PCR system (Roche Diagnostics, Indianapolis, IN) or a Tag DNA
polymerase core kit (MP Biomedical, Irvine, CA) following the manufac-
turer’s instructions. Briefly, 10 pl of cDNA was used for first-round PCR
amplification with the R1 and F1 primers, and 5 pl of the first-round
reaction product was used for nested PCR with the second-round prim-
ers, i.e.,, F2 and R2. Thermocycling conditions could vary slightly, with
annealing temperatures ranging from 45°C to 55°C, using a touch-down
PCR strategy, and extension times were typically set at 1 min/kb. The
resulting amplification products were purified using a Geneclean Turbo
kit (Qbiogene, Inc., Carlsbad, CA) and sequenced directly using an auto-
mated sequencer (model 3130xl genetic analyzer; Applied Biosystems,
Foster City, CA). If at least one sample from a given SIV-positive individ-
ual yielded RT-PCR-positive amplification, we considered the serological
status of this individual to be confirmed by viral RNA amplification. We
performed 2 to 12 independent RNA extractions for each SIV-positive
individual, followed by 5 to 10 RT-PCR attempts for each RNA extract,
with various conditions and reagents as described above.

Amplification and molecular cloning of SIVgor gp120 V1V4 region.
To document the viral diversity and evolution in the envelopes of SIVgor
strains, we studied the V1V4 region of gp120 (env) of the virus infecting
gorilla ID1 over a 5-year period. We amplified a fragment spanning the
env V1V4 region (~1,000 bp) by using specific primers on two samples:
SIVgor-04CP684, infecting gorilla ID1 in 2004, and SIVgor-08CP3425,
infecting the same animal in 2008. The primer sets were as follows:
684envR1 (5'-CCT TGT AGG GGT ACA ATT CAC TC-3') and 684/
3425envF1 (5'-TGG GAT CAG AGC TTA AAG CC-3’') for the first-
round SIVgor-04CP684 env V1V4 PCR (~1,150 bp), 684envR2 (5'-TCA
GCCAGG GGT GTATCT CTT T-3') and 684/3425envF2 (5'-AGC CTT
GTGTAA AACTAA CAGTC-3') for the second-round SIVgor-04CP684
env V1V4 PCR (~1,020 bp), 3425envR1 (5'-ATA GGC CTG AGC CTA
CTC TCA T-3') and 684/3425envF1 for the first-round SIVgor-
08CP3425 env V1V4 PCR (~990 bp), and 3425envR2 (5'-ACC TGT TTT
AGG CGG CAT GGA A-3') and 684/3425envF2 for the second-round
SIVgor-08CP3425 env V1V4 PCR (~950 bp). The amplified and gel-pu-
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rified products were cloned by use of the pGEM-T system following the
manufacturer’s instructions (pGEM-T Easy vector system II; Promega,
Madison, WI). We sequenced 20 and 24 SIV clones for SIVgor-04CP684
and SIVgor-08CP3425, respectively, to analyze the viral envelope diversity
and evolution.

Phylogenetic and genetic diversity analyses of SIVgor sequences. All
new SIVgor nucleotide sequences were compared to SIVgor, SIVcpz, and
HIV-1 reference sequences available in the GenBank database. MEGAS5
(51) was used to align sequences and to edit them where necessary. Am-
biguously aligned sites were excluded from the analyses. We analyzed 220
nucleotides in the partial pol alignment and 263 bp and 195 bp in gp41
alignments. We used a codon nucleotide alignment of 918 bp for the env
V1V4 region. Phylogenies were inferred by maximum likelihood, using
PhyML (16) and 1,000 bootstrap replicates. According to Topali (32), the
best evolution models were HKY85 with a gamma distribution across sites
for the small pol and gp41 fragments and GTR+G for the V1V4 align-
ment. Sequences (GenBank accession numbers) for additional partial pol
and gp41 sequences used in comparative analyses were as follows: for
SIVgor, sequences DJ3795 (FN554935), DJ4099 (FN554936, FN554958),
DJ4112 (FN554957), and BQ664 (AM296484, AM296488); for SIVcpzPtt,
MB66 (DQ373063); for SIVcpzPts, TAN1 (AF447763); for HIV-1 group
O, MVP5180 (L20571) and ANT70 (L20587); and for HIV-1 group P,
RBF168 (GQ328744) and U14788 (HQ179987).

Viral diversity in the SIVgor-04CP684 and SIVgor-08CP3425 env
V1V4 regions in 2004 and 2008, respectively, was determined by the mean
pairwise nucleotide and amino acid distances between env clones at each
time point, using MEGA5 with the maximum composite likelihood meth-
od; the minimum, maximum, and standard deviation (SD) were also
calculated. The cumulative number of nonsynonymous and synonymous
nucleotide substitutions (dN and dS, respectively) was estimated using
SNAP (23). Amino acid sequence length and the number of putative N-
linked glycosylation sites (PNGS) of SIVgor-04CP684 and SIVgor-
08CP3425 V1V4 clones were calculated, and the means at each time point
were compared. The Mann-Whitney U test was used to assess statistical
differences in viral diversity, sequence length, and PNGS between 2004
and 2008.

Nucleotide sequence accession numbers. All of the new SIVgor se-
quences are available at GenBank under accession numbers JQ924140 to
JQ924164 for env V1V4 clones, JQ924165 to JQ924181 for env (gp41), and
JQ924182 to JQ924187 for the pol fragment.

RESULTS
Detection of 34 SIV-infected wild-living gorillas during long-
term noninvasive monitoring in the Campo Ma’an National
Park. In two previous studies, we identified 13 SIV-infected goril-
las in the center of the Campo Ma’an National Park in southwest-
ern Cameroon: 2 individuals were detected between April 2004
and March 2006 (56), and 11 were detected in subsequent field
surveys between June 2006 and April 2008 (34). Given the rela-
tively high SIVgor infection rate observed previously in some go-
rilla groups, we increased our sampling efforts in this region. Since
April 2004, a total of 1,001 putative gorilla fecal samples were
collected during 12 independent missions. Gorilla dung was col-
lected as clusters of samples at nest sites (50 clusters of 2 to 28 fecal
samples per cluster), at feeding sites, or on track (67 clusters of 2 to
20 fecal samples), and 46 individually isolated fecal samples were
also collected. The host species was confirmed by mtDNA analysis
of 437 (44%) of 1,001 putative gorilla fecal samples. Fifteen sam-
ples were degraded, and 25 were incorrectly assigned in the field
(i.e., chimpanzee, monkey, African buffalo, deer, and elephant
samples). The results showed 94% concordance between field ob-
servations and host mtDNA analysis.

A total of 152 samples (16% of the remaining 961 putative
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gorilla fecal samples) cross-reacted with HIV-1 antibodies in se-
rological analyses; 34 of these came from previous studies (34, 56),
and 118 were obtained during the follow-up missions that started
at the end of 2008. To ascertain how many individuals were in-
fected with SIVgor, we ran host microsatellite analyses of seven
selected loci. We also determined the sex of the gorilla for each
SIV-positive sample. Overall, the microsatellite loci used were
polymorphic (mean PIC, 0.73), with a mean number of alleles per
locus of 8.86 and an observed heterozygosity ranging from 0.76 to
0.9 (see Table S1 in the supplemental material). For 131 of 152
positive fecal samples, usable genotypes were obtained, resulting
in an 86% success rate for these SIV-positive samples. We com-
pared and combined the locus profiles of the 131 samples. For
each SIV-infected gorilla, Table 1 shows the consensus genetic
profile and the matching probabilities P(ID)HW and P(ID)sib,
including those for the 13 previously reported individuals (56).
We found that at least 34 SIV-positive gorillas were circulating in
the studied area.

High SIVgor infection rates in gorilla groups. To estimate
infection rates in gorilla groups, we tried to assign individuals to
social gorilla groups by combining microsatellite analysis and field
data as previously described by Arandjelovic and colleagues (1).
Overall, samples collected on the same day, at the same GPS loca-
tion, and with the same time of deposition were assumed to belong
to individuals from the same group. When two or more individ-
uals from the same cluster of samples were consecutively found
together, all of the individuals from the different collections were
considered to be from the same gorilla social group. In total, we
performed microsatellite analyses on all SIV-negative samples
from 31 different clusters of collection in which SIV-positive sam-
ples were identified. Complete genotypes were obtained for all
samples for only 19 clusters, while the remaining 12 clusters also
included degraded or mixed samples.

Our analyses showed that one cluster of three samples collected
around one night nest corresponded to a single SIVgor-positive
male, ID38, probably a solitary adult male. We identified four
social groups with SIVgor-positive gorillas: groups A and C, al-
ready reported in 2007 (34), and groups E and G, newly identified
in this study (Fig. 1). In addition, we identified three putative
social groups, groups F1 to F3; groups F2 and F3, collected in 2009
and 2010, respectively, each shared one individual with group F1,
collected in 2006 (ID2 and ID36, respectively) (Fig. 1). However,
we considered these three groups to be putative separate groups
because they shared only one individual. Furthermore, given the
3- to 4-year gap in collection, the social structure of these groups
may have changed.

As summarized in Fig. 1, among the four identified social
groups, three were detected on multiple occasions, up to 17 times
at different track or nest sites. The putative F1 to F3 social groups
were each sampled twice during the same mission. Interestingly,
group A was sampled in 2007, in 2010, and on two occasions in
2011, with at least seven linked individuals (ID4", ID5%, ID61 ",
ID16 ,1D17 ,ID18 , and ID19 ), and was composed of a total
of 15 individuals between 2007 and 2010. Data on the number of
total and linked individuals were not available for this group in
2011. Group E was detected in 2004 and 2008, with two linked
individuals (ID1" and ID32~'") and a total of seven individuals.
The minimum number of gorillas for groups A, C, E, and G ranged
from 7 to 15 individuals, and the three putative social groups had
between 2 and 7 individuals. The rate of SIV-infected individuals
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in identified social groups ranged from 13% (group G, with one
female [ID33] infected among eight individuals sampled in this
group) to 29% (group E, with two infected individuals among
seven gorillas sampled). These SIV rates are estimates based on the
detected gorillas; we cannot exclude the possibility that some in-
dividuals were not sampled during our survey. Despite a possible
sampling underrepresentation, we observed a trend suggesting
that the ratio of infected females to the total number of females in
asocial group was generally higher than the ratio of infected males
to the total number of males (Fig. 1).

Group C was detected only once during our study. However,
one SIVgor-positive individual from this group (ID10) was sam-
pled again 5 years later (November 2011), at a nesting site with
SIVgor-positive individuals (ID75, ID76, and ID77) not found in
group C in 2006. Either animal ID10 moved to another group or
we did not sample all individuals from this group in 2007 and
2011. Based on the GPS information collected in the field, we
determined the minimum home range for gorilla groups that were
sampled at least twice. As shown in Fig. 2, we found that the dif-
ferent gorilla groups with SIVgor-positive animals had overlap-
ping home ranges.

Capture and recapture of SIVgor-negative and -positive ani-
mals suggests ongoing infection and transmission in the wild. In
addition to some of the SIVgor-infected gorillas from the above-
mentioned groups, more gorillas were sampled on two or more
occasions. First, during a single survey, between one and nine fecal
samples from the same animal could be collected. More impor-
tantly, 11 of the 34 SIVgor-positive gorillas were sampled on at
least two independent field missions (Fig. 3; Table 2). Samples
from nine of these gorillas were collected and identified as SIV
positive during a first collection trip and were resampled on sub-
sequent field missions 1.5 to 5 years later, as summarized in Table
2. Two other SIV-positive gorillas were sampled in two indepen-
dent field surveys, but SIV-cross-reactive antibodies were detected
only in the follow-up sample: ID32 was SIV negative in April 2004
but SIV positive in December 2008 (almost 5 years later), and
ID36 was SIV negative in April 2006 but SIV positive in September
2009 (3.5 years later) (Fig. 3; Table 2). These negative serological
observations with the Inno-Lia test were confirmed for both indi-
viduals by Western blot analyses (56) and, importantly, by
SIVgor-specific RT-PCR tests (Table 1). Repeated PCR attempts
on the antibody-negative samples were negative, while the virus
could be amplified and sequenced from the antibody-positive
samples. These two gorillas most likely seroconverted during the
study period, indicating that SIVgor continues to spread in the
Campo Ma’an National Park.

High genetic diversity of SIVgor strains circulating in goril-
las from the Campo Ma’an National Park. We tried to amplify
fragments of SIVgor pol and gp41 regions from all SIV-seroposi-
tive samples by use of SIVgor consensus and specific primers. In
total, we amplified and sequenced SIVgor fragments for 21 of the
34 identified SIVgor-positive individuals (shown in bold in Table
1). For the remainder, SIV amplifications were unsuccessful, pos-
sibly as a result of viral nucleic acid degradation and/or because of
the low level of viral shedding in feces. SIV amplification rates
were variable and ranged from 0% for antibody-positive gorillas
sampled in November 2007 and April 2008 to 100% for SIV-pos-
itive gorilla fecal samples collected in April 2004, April 2006, De-
cember 2008, and September 2009.

We compared phylogenetic relationships between new SIVgor

jviasm.org 9763

1sanb Aq 020z ‘TT Jequadaq uo /610 wse’IAl//:dny woly papeojumoq


http://jvi.asm.org
http://jvi.asm.org/

Downloaded from http://jvi.asm.org/ on December 11, 2020 by guest

A THT/TPT  PEE/81E 1LT/IST  08T/9LT  00T/T6T  681/LLT  9F1/9%1 1 + + + 6€17dD £0/20 1 o) 6d1
- - VLEIVSE 1£2/L9T - 002/961 - 0ST/9%1 - - + 280TdD L0/20 uzl I 8l
4 T/t - L8T/1ST —  00T/961  S81/S8T  0SI/9¥1 - - + 8602d0 £0/20 uz| 11 Ld1
N x 4 9PT/ThT  ¥EE/TTE SLT/L9T  08T/89T  00T/961 - 0S1/9%1 - + + S607d0 ‘¥60TdD £0/20 uz| I 9dI1
- - - —/15T —/89T —/961 - FST/9%1 aN  aN + T08SdD 01/%0 ) v ¢
8¥8SdD S196£85dD
- - —/+ 6£85dD 8€8SdD 01/%0 !
M N 4 Thy/Tve 8I¢/8IE 1LT/SST  ¥9THIT  961/T61  S8I/I8T  ¥ST/9FT daN AN - 1212dD ‘0T12dD £0/20 ug| v 61d1
- - + $8%9dD 11/€0 ug
- - + £885dD 958SdD 01/%0 )
*x *x W PLTYET  FEE/TTE  SLTILVT  08T/89T  961/961  €61/S81  9F1/9¥1 - - + 9185dD 01/%0 ) v <od1
- - —/86T - —/89¢ - - —/9%1 - - + #899dD 11/50 ! v p
- - + $899d0D 11/50 )
- - + 6879d0 ‘8879dD 11/€0 ug
- - + 8.¥9dD ‘9L¥9dD 11/€0 )
+ - + 99¥9d0D ‘S9r9dD 11/€0 1
- - + €579d0D 11/€0 )
- - + Tr9d0D 11/€0 ug
- - + 6¥85dD 01/%0 !
£08SdD
- - +  $08SdD €08SdD TSLSdD 01/%0 ug
€217dO
xx xx 4 9vT/beT 9Te/cee L9T/1ST 08T/09T  00T/T61  S8I/LLL  0ST/9%1 + - +  ‘6112dD ‘1112dD ‘0112dD £0/20 uz| v cd1
+ - + 7899dD 11/50 )
- - + 1%99dD 0%99dD 11/50 u9
+ - +  S6¥9dD ‘98¥9dD ‘S8Y9dD 11/€0 ug
- - + 1879dD 11/€0 1
- - + LL¥9dD “€L¥9dD 11/€0 )
- - + 1579dD 11/€0 1
- - +  8€P9dD ‘LEV9dD ‘SEVIdD 11/€0 ug
- - + TS8SdD 01/%0 )
- - + S18SdD 01/%0 !
- - + 908SdD 01/%0 )
- - + T9£EdD “0925dD 01/%0 ug
+ + +  8I1TdD L112dD ‘6017dD £0/20 uz|
P P d BLIVET  bEE/TTE SLT/L9T  89T/09T  00T/961  €61/S8T  9F1/9FI + + + $207dD ‘TL0TdD L£0/20 u v $Al
4 8€TET  FEEvIE —  08T/89T  00T/961  €61/181  0SI1/9%1 - - + 1£02dD £0/20 €d1
- - + €019dD 2019dD 01/01 )
0019dD
*x *x W 8€T/0ST  ¥I€/90€ 1£2/65C  08T/9.T  961/T61  681/€LT  9¥1/9¥1 + + +  ‘6609dD ‘8609dD ‘L609dD 01/01 1 [ 0Ldr
- - + 101940 01/01 ! €1
(dq £gz1)
M x d THIVET  86T/86T  L9T/SST  08T/9LT  00T/961  €61/SLT  HST/9¥1 Jou-14d3 + - + 9EP1dD FEVIAD 90/%0 u o (9¢drP) 1d el
+ - + 91¥€dD 80/21 ug
M x N —/P€T  VEE/86T  1LT/IST  08T/08T  T6I/08T  €61/€61  ¥SI/9%1 - - - 989d0 $0/70 ) q zedl
+ - + 8THedD 80/21 )
(dq p£9°1) aua + - + 9THEdD ‘STHEAD 80/21 )
- - + L1%€dD 80/21 ug
*x *x d PLTPET  81€/86T  €97/IST  08T/08T  TEL/08T  €61/S81  9F1/THI BE| + + + 689dD 989dD $0/70 ) q 1ar
AIS  MH S LT91SPA €€€1STA 9TEISTA TTeS6d  9/9S01A  €¥TSYA 9€5S81A BPo  1wdd  [od 4089 (s)a1dwes papa[j0) (1h/our) s[reidp Psnp (a18do)
(and (and SNd0T SNd0T SNd0T SNd0T SNd0T SNd0T SNd0T 1 ep uondR0DH 10 dnoin) TenpIarpuy
-AIH eI uond3[0)
-ouuy)
wﬁu@ﬁocuw SNOO[NNW SNSUISU0d) A[yoid onauan JNsa1 YD dyads-ALS jnsax ,UOLIBULIOJUT UOLII[[0D)
A3ojo128

Etienne et al.

1102 Joqui2A0N 03 $007 [IdY woIj yIed [euoneN ue ey odure)) ay) ur pajoajep serod aansod-108A1S T FTIV.L

Journal of Virology

9764 jviasm.org


http://jvi.asm.org
http://jvi.asm.org/

Wild Gorillas

ission in

SIVgor Evolution and Transm

Downloaded from http://jvi.asm.org/ on December 11, 2020 by guest

sojdues U2aM)aq SIYIIBW ) WILUOD PUE [ENPIAIPUL (D83 10J UAIS 1 SIN[BA (S0°0 > d “x 10°0 > d ‘x5) QS(AD PUB (01 >d « ¢ 901 >d ‘xx) MH(AI)d WwWIxew sy, ,
e A [ewef o ,

“aaneSou A[pajeadar ¢ — -snoo 1ad saz1s SA[[E OM) YIIM B[[LIOS YOS 10J UDALS ST 1D0] J)[[2IESOLIUW U2AdS JO d[yo1d adLjousld snoommu snsuasuod ay, ,

*([0s] 2ouanbas yISuay-[ny “I LDuUop Jou ‘(N ‘paouanbas

pue payrdure 5q p[nod swousS ay) ut suordai Y10 ‘1aylo cuonedsyrdure yuswdey aua ‘13d3 cuonesyrdure yuswely jod o) $INSAT YD J- 1Y dYy0ads-A[S 4q umoys axe Surduanbas pue uoneoyrdwre A[s 4q pawayuod sajdures ,

*J[NSA1 159} 2ATESAU ¢ — 53] [€2130[013S 7/T-ATH ErT-ouu] 2y uraanisod ‘+
‘paurpIapun a1 (YN 10/pue YN paperdap) Lienb 1ood jo sajdureg ‘umoys 10u a1e [enpiaiput ue o) paudisse 9q 01 papeidap 001 a1om 1ey) din ppy 0107 [Ldy o) woxy sapdures

aanrsodoas 1ySrg *(p[oq ut umoys sajdures 10y S[qe[TeA. oIk s30UINDIS A[S {eNPIAIPUT SUO 10J PAIII[0d Uddq 2AeY Aewr sapdures sjdnnur) sajdures pa1oa[[0d Jo ToquUINU pue DJep W00 (PIUNOD JOU JIIM SISU INq IS Junsaw

£ U0 PIII[0D “U £§)$aU 1Y) UO PAIII[[0D “UE H[IBI) UO PAJII[0I 9) S[ILIP UOTIIA[[02 ‘(H 01 V) dnoid [e120s 10 (F9 01 () 12ISN PaId3[0 :PIPI0d1 UOHBULIOJUT UOTIIA[00 SUIMO[[O] ) PUB UIAIS SeM Toquuinu (J] Ue ‘e[[L103 oed 107 ,,

aN

*x

K

*x

K

*x

K

daN

*x

*x

xx

*x

xx

|

d
W
d

==2=22=2=

[z

[z

= 22

o E

we/Tve
—1¥€C

Blgakaqe

YLTIvET

¥LT/8¢T
we/Tye

IV TIveT
we/vee
PETveT

Preive
Blgaka e

YLTIvET

we/oct
P€T/0¢€T

VLTIV

welvet

PETveT
VLTI
we/Tye
we/Tve

¥€T/0€T

P1€/90¢
yee/cee

—Ivie
vee/cee
867/86C

peelvee
yee/—
Tee/86t

welvie

14371433

oge/eee
pee/cee

peemvie

PE€/861
81¢/86C

(4495189

90¢€/86¢

81¢/¥IE
peelvee

e/
(44944

TTe/86T

SLT/1LT
SLT/—
1L2/—

§LT/SST
£91/L9T
—/15T

1L2/L%T

SLT/L9T

£9T/1ST

L9T/L¥T
SLT/L9T

1Lz/sst

§e/1se
16T/15C

£9T/8ST

1£2/L9t

£92/19t

1Lz/1st
1£T/L9T

1£T/SST

08¢/89¢
wejeLe

9LT/89T
TLT/09C
897/89C

08¢/¥9t

TLT/89T
¥8¢/08¢

89T/¥9¢

9£1/89T
08¢/¥9t

08¢/89¢

9LT/¥9T
08¢/9LT

08¢/9LT

TLT/89T
08¢/89¢
087/89¢

08¢/¥9¢
TLT/89T
082/08¢
08¢/¥9t

082/9LT

761/881
00z/961

961/T61
961/081
961/T61

002/002

00z/961

961/T61

961/T61
00z/961

00z/961

00¢/T61
T61/081

961/081

961/081
081/081
961/¥81

002/961
00z/961
002/961

081/081

S81/181
€61/S81

S8I/¢LT
681/181
€61/181

G81/S81

681/681

€61/S81

€61/LLT

€61/S81
I81/LLT

681/LLT

col/c61
S81/691

681/€L1

681/S81
G81/S81
S81/S81

681/181
I81/LLT
€ol/¢61
€61/¢L1

€61/¢L1

PS1/9%1
—/9%1
PS1/9%1

0ST/0ST
PST/0ST
PS1/9%1

0ST/0ST
0ST/0ST
Elgviagt
PST/0ST
0ST/9%1

PS1/9%1

PS1/9%1
IF1/9%1

IF1/9%1

0ST/9%1
Elgviagt

IF1/9%1

ov1/9%1
PST/0ST
PS1/0ST

0ST/9%1
8ST/9%1
0ST/9%1
0ST1/9%1

PS1/9%1

(dq 2oz‘1)
Jou-14d3

T

+

L+ o+ o+

+ + +

o+ + o+

daN

+

+ o+

+

+
+
+

i e IR SRR

+ o+t

+ o+

+ + +

+ o+ o+

010£dD
££69dD
8969d0
7609dD “1609dD 0609dD

£€85dD

9€8SdD €€85dD

F€8SdD €€85dD

7€85d0 ‘1€8SdD
0€8SdD 8T8SdO “LT8SdD

018SdD

889940

656940

¥€59dD

€186dD

T8L5dD

6LLVdD

9LL¥dD

SLLVAD

Y9LVdD ‘€9LVdD ‘TILVAD
§€99dD ‘1€99dD
99L¥dD ‘§9L¥dD
09L¥dD

65L¥dD

[Ugat:e]

1£69dD

0£69dD

8SL¥dD

69¥€dD ‘89¥€dD
£V€dO
11¥€dD
0T¥€dD ‘607€dD ‘80¥€dD
LOVEAD
907€dD ‘S0¥EAD
FOVED ‘€OFEAD
TOYEAD ‘10¥EdD ‘00¥€dO
610€dD 8TOEAD
¥667d0

6V27dD “L¥LTdD
OvLTdD Y¥LTdO 0VLTdD

200£dD ‘100£dD

7669dD 6869dD

8869d0

8669d0D ‘1669dD ‘0669dD

1¥12dO
‘SE1TdD FE1TdO
‘€€1TdD ‘TE1TAD ‘921TdD

L/11
11/11
L/11
01/01

01/%0
01/%0
11/s0
11/€0
11/€0
01/%0
01/%0
60/60
60/60
60/60
60/60
11/50
60/60
60/60
60/60
90/¥0
L/t
T1/11
60/60

80/C1
80/T1
80/C1
80/T1
80/C1

80/C1
80/¥0
80/%0

LO/TT
L/11
T1/11
L/11
T1/11

£0/20

uz
1

ug

uf
1

D

u¢
ug

up
uf

u/t
uzt
u/s1
uzt

99
9

6¢

8¢
s¢

s¢
e

Ie

e

apduig
(szd=) ss

£
£
14
(zd=) 19
(szd=) 19
£

¥
O

0C

0t
91
SI

(:0=)¥9
(D=)¥9
(:0=)¥9
(D=)¥9

8.dI
LAl
¢
PXIN

09dI
£9d1
oLal

99d1

8¢dl

Ledl

9¢dl
€LdI

sedr

yedl
cedl

1edl

oedI
€1dI
[atei

11dr
££d1
9,d1
SLdI

ordr

jviasm.org 9765

September 2012 Volume 86 Number 18


http://jvi.asm.org
http://jvi.asm.org/

Etienne et al.

Group with SIV infected gorillas|

Individual CPg-

SIV serolog
Gender|
2004 18/04/04.
19/04/04
31/03/06
02/04/06
10/02/07.
11/02/07
11/02/07
2008 05/12/08
07/12/08
07/12/08
08/12/08
27/09/09
28/09/09
25/04/10
28/04/10
30/04/10
30/04/10
07/10/10
07/10/10
2011 03/03/11
03/03/11
03/03/11
04/03/11
06/03/11
08/03/11
08/03/11
06/05/11
10/05/11
10/05/11
23/11/11
26/11/11

Collection date

FIG 1 Inferred composition of gorilla groups of interest at the Campo Ma’an field site over the 7.5-year study period, underlining the follow-up of SIVgor-positive
individuals and social groups. For each studied group, data on sampled individuals are shown, with information on sex (F, female; M, male; ?, unknown) and SIV serology
(data for seropositive gorillas appear in bold). The number of fecal samples for each gorilla sampled at a given collection location and date are noted. Putative group F1
is linked with group F3 and group F2 by two independent gorillas, i.e., ID2 and ID36, respectively (highlighted by vertical arrows). These three putative groups may be
asingle group, but they were analyzed separately because of the lack of certainty. Cluster 64, collected in 2011, is linked with group C by ID10, and cluster 61, collected
in 2011, is linked with putative group F2 by ID35. These two individuals could have emigrated from their original groups, or clusters 64 and 61 may in fact be groups C
and F2, respectively. Data from the collections carried out in 2011 are shown in the dotted area, since genotyping data were available only for positive samples.

strains and previously characterized SIVgor, SIVcpz, and HIV-1
strains by aligning sequences of pol (alignment of 202 bp for 11
SIVgor strains) and gp41 (alignments of 263 bp [without gaps]
and 195 bp for 19 and 21 SIVgor strains, respectively). The phy-

logenetic tree for the 263-bp gp41 fragment is shown in Fig. 4A,
and the phylogenetic tree for the 195-bp gp41 fragment (for the
largest number of SIVgor strains) is shown in Fig. 4B. The phylo-
genetic tree for the partial pol alignment is shown in Fig. S1 in the

" 5km e S
- - Group F3 (ID70,2)
(2010) \
Group A (ID4,565)  ©" o o‘f, g"”’) Group C? |
(2007/2011) (2008) . (2007/2011) 5
e ---.__ID10-2011
e® .
ID10-2007 ~------------- Sl Group F?? /
(2004/2006/
Group E (ID1,32) 2009/2010/2011) /'
(2004/2008)
i \ Group F2?
/ \ (2009/2011)
i \ Group F2 (ID35,36) ;

Group F1 (ID2,36) ™._
2004/2006)

FIG 2 Inferred minimum home ranges for gorilla groups of interest, with overlapping ranges shown. From April 2004 to November 2011, an area of approximately 200
km? was covered during successive field missions in the Campo Ma’an National Park (CP). (Inset) Map of Cameroon (adapted from The World Factbook, https://www
.cia.gov/library/publications/the-world-factbook/geos/cm.html). The arrow indicates the CP field site. Minimum home ranges inferred from collection sites (small
circles) are delineated by solid-line ellipses for identified social groups and for the three putative social groups (F1, F2, and F3) (Table 1; Fig. 1). The positive individuals
and years of collection are given for each gorilla group. The hypothetical home ranges of the possible groups (group C?, group F2?, and group F??) with linked individuals
are highlighted by dashed-line ellipses, and the corresponding linked IDs are noted (Fig. 1).
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-2007,2010,2011
i ID32-2008  1D1-2008
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™ + * & 1D10-2007
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hy ID37-2011

ID66-2010 * . 4
*

ID35-2009

*
1D2-2006

+

37-2009
- 1D1-2004
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SIVgor Evolution and Transmission in Wild Gorillas

+
ID2-2010

+ ID66-2011
+

FIG 3 SIVgor-infected gorilla capture and recapture (via sampling) in the Campo Ma’an study area. From April 2004 to November 2011, an area of approxi-
mately 200 km? was covered during successive field missions in the Campo Ma’an National Park. The 11 SIVgor-positive individuals that were captured and
recaptured (via sampling) in at least two different collection missions (Table 2) were plotted and are identified by ID numbers, with a positive sign for those found
to be SIV seropositive and a negative sign for those that were first found to be SIV negative (ID32 and ID36).

supplemental material. The length of the fragment analyzed in Fig.
4B was too short to obtain well-supported clusters or to show any
phylogeographic clustering, as previously reported for SIVgor
strains from different locations in Cameroon (CP, DJ, and BQ)
and as observed in Fig. 4A. Overall, we observed high genetic
diversity among SIVgor strains infecting gorillas from the Campo
Ma’an National Park, with a maximum genetic distance of 0.403
in the gp41 fragment. Generally, viruses infecting individuals be-
longing to the same collection cluster or gorilla group were closely
related, with a short genetic distance (<0.05), as in the case for
ID4 and ID5 from group A, ID9 and ID10 from group C, and ID1
and ID32 from group E (Fig. 4A and B). However, certain viruses
obtained from animals from different groups were also closely
related, as observed for individuals from groups E (ID1 and ID32)
and G (ID33) or for individuals from group A (ID4 and ID5) and
the putative groups F1 (ID36) and F2 (ID37) (supported with
bootstrap values of >80% in Fig. 4A). Similarly, we also observed
divergent SIVgor strains cocirculating in the same collection clus-
ters; for example, in the putative group F2 (Fig. 4A), two females
(ID2 and ID36) were infected with divergent SIVgor strains (ge-

netic distance, >0.20), each clustering in well-separated clades
supported by bootstrap values of >80%. Also, in 2011, one male
(ID35) and one female (ID73) sampled at the same nesting site
(cluster 61) were infected with divergent strains (genetic distance,
>0.20) (Fig. 4B). Finally, ID10, infected with a strain closely re-
lated to SIVgor from ID9, sampled at the same nesting site in 2007
(social group C), was resampled in 2011 at a new nesting site
(cluster 64), together with the female ID76, who was infected with
a more distantly related strain (Fig. 4B).

Suspected vertical and horizontal SIVgor transmissions
within and between gorilla groups. Combining phylogenetic
analysis of the SIVgor strains and genotyping of the gorillas with
field data allowed us to trace potential transmission routes. The
phylogenetic trees showed closely related viruses that suggested
potential epidemiologic links between the infected animals. As
mentioned above, some of these viruses were derived from indi-
viduals from the same social group, but they could also concern
animals from different groups. We looked in more detail at the
microsatellite analyses of the individuals infected with closely re-
lated viruses and performed statistical analyses to examine

TABLE 2 Capture and recapture (via sampling) of 11 SIV-positive nonhabituated gorillas in the Campo Ma’an Park”

No. of collection

Individual Group or cluster Serology result missions Collection dates (mo/yr) Collection interval(s) (yr)
1D4 A + 4 02/2007, 04/2010, 03/2011, 05/2011 3.2,0.9, 0.2 (total, 4.3)
1D5 A + 4 02/2007, 04/2010, 03/2011, 05/2011 3.2,0.9, 0.2 (total, 4.3)
1D65 A + 2 04/2010, 03/2011 0.9

ID10 C, 64 + 2 02/2007, 11/2011 4.8

ID1 E + 2 04/2004, 12/2008 4.7

1D32 E -+ 2 04/2004, 12/2008 4.7

ID36 F1, F2 -, + 2 04/2006, 09/2009 3.4

1D2 F1, F3 + 2 04/2006, 10/2010 4.5

ID35 F2, 61 + 2 09/2009, 11/2011 2.2

1D37 F2 + 2 09/2009, 05/2011 1.7

1ID66 35 + 2 04/2010, 03/2011 0.9

“ The locations of sample collections are depicted in Fig. 3. Data separated by commas are for different sampling occasions.
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FIG 4 Phylogenetic analyses of partial env (gp41) (263 bp [A] and 195 bp [B]) nucleotide sequences of SIVgor strains. The trees were inferred by maximum
likelihood phylogeny (PhyML) with previously characterized SIVcpzPtt/SIVgor/HIV-1 strains (in black). Stars represent support values above 800 (A) or 700 (B)
for 1,000 maximum likelihood bootstraps. Bar, 0.1 substitution per site. Sample numbers and collection dates (i.e., 11-CP6466 is sample CP6466, collected in
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in Table 1. The color code for social groups is conserved in Fig. 2 to 4 and in Fig. S1 in the supplemental material. Solid brackets highlight individuals from the
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group/cluster that were infected with divergent strains.

whether parentage relations existed. In the clade of viruses derived
from animals ID4, ID5, ID36, ID38, ID73, and ID66 (Fig. 4A
[bootstrap value of >80%] and B), we observed that certain indi-
viduals shared one allele at each locus, and a parent-offspring
relationship was inferred between ID4 and ID5 (both females)
(LOD = 2.66; 80% confidence) and between ID5 and ID73 (both
females) (LOD = 3.12; 95% confidence). Similarly, in the clade of
viruses derived from animals ID9, ID10, ID1, ID30, ID31, ID32,
and ID33 (Fig. 4A [bootstrap value of >80%]), parent-offspring
relationships were seen between ID1 and ID32 (female and male,
respectively) (LOD = 2.32; 80% confidence), between ID1 and
ID33 (both females) (LOD = 4.93; 95% confidence), and between
ID10 and ID32 (female and male, respectively) (LOD = 2.98;95%
confidence). Thus, some of these linked viruses could be the result
of vertical transmission from mother to offspring. However, it is
important that given the fact that we do not know the ages of the
individuals, we cannot assess in which direction the parentage link
was formed. Furthermore, it is possible that some linked viruses
represent other transmission routes, since closely related viruses
were also seen among animals without parental links. The indi-
viduals with closely related strains and no parental link acquired
their infection by horizontal transmission routes, which could be
sexual or also a consequence of aggressive or grooming behavior.
Sexual transmission could be suspected between male ID38 and

9768 jvi.asm.org

female ID36 and between male ID34 and female ID2, with each
pair infected with closely related viruses, as they did not display
any significant level of parental linkage. Two male pairs (ID30-
ID32 and ID34-1D70) without a parental link who were infected
with closely related viruses belonged to different groups, suggest-
ing horizontal transmission by blood contact during fights or sex-
ual transmission from the same SIVgor-infected female.

Viral adaptation of the SIVgor envelope variable loops over 5
years of natural infection in a nonhabituated gorilla. To study
SIVgor evolution over time in its natural host, we focused on the
SIV-positive individuals sampled in independent field trips (Table
2). Unfortunately, we could not characterize the virus infecting
ID65 and we amplified an SIV for ID2, ID10, and ID37 at one time
point only (Table 1), probably because of sample degradation.
Samples from animals ID1, ID4, ID5, ID35, and ID66 were am-
plified from collections in different follow-up surveys (Table 1).
The gp41 fragments of the SIVs infecting each of these animals 1 to
5 years apart were highly similar, as demonstrated by the phylo-
genetic analyses (Fig. 4) and by the short genetic distance separat-
ing them, based on the gp41 fragment (0.010 to 0.075). We did not
observe any evidence of superinfection in these gorillas, but con-
sidering the low viral loads in fecal samples, variants circulating at
low concentrations could have been undetected.

To study the diversity and evolution of the hypervariable re-
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gion of the viral envelope over the course of infection, we ampli-
fied and sequenced 20 and 24 molecular clones of the gp120 env
V1V4 region (~1,000 bp) of the viruses infecting ID1 in April
2004 and November 2008, i.e., SIVgor-04CP684 and SIVgor-
08CP3425, respectively. The 20 clones of the SIVgor-04CP684
V1V4 region were 100% similar along the 1,020-bp fragment. The
24 clones obtained from SIVgor-08CP3425 displayed very little
variability, with a nucleotide diversity of 0.005 (minimum, 0;
maximum, 0.011; SD, 0.001) and an amino acid diversity of 0.010
(minimum, 0; maximum, 0.027; SD, 0.002). These observations
reflect the limits of detection of low viral loads in fecal samples
more than the actual viral diversity of viruses infecting gorillas.
The calculation of the dN/dS ratio did not show evidence of pos-
itive selection (dN/dS < 0) but was not considered informative
because the clones displayed low or no genetic diversity as a con-
sequence of the low viral loads in fecal sample RNA extracts. The
comparison of the SIVgorID1 V1V4 regions after almost 5 years of
infection revealed an extensive elongation of 24 amino acids (aa)
(from the first cysteine of V1 to the last cysteine of V4, i.e., 273 aa
in 2004 versus 297 aa in 2008; P < 0.0001) (Fig. 5). This consid-
erable amino acid elongation was due mainly to an 18-aa exten-
sion of the V1 loop. The number of PNGS in the V1V4 region
increased significantly between 2004 and 2008, from 17 to 20
PNGS (P < 0.0001). Actually, four additional PNGS in SIVgor-
08CP3425 (2008) were located in the V1 loop (+2 PNGS), the V2
loop (+1 PNGS), and the C3 region (+1 PNGS), while one PNGS
was lost in the V3 loop (—1 PNGS) (Fig. 5). The latter loop was
relatively conserved over the years, except for the loss of one PNGS
and a V3 crown switch from a GPL to a GPM motif. In an attempt
to deduce the phenotypes of these two strains, we used the 11/25
rule (no K or R at positions 11 and 25) and the net charge rule
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designed for HIV strains (the net charge in 2004 and 2008 was 2,
which is under the threshold of 5). Both methods suggest that the
characterized viruses infecting ID1 in 2004 and 2008 have the R5
phenotype, but further analyses are needed.

DISCUSSION

Our goal was to study SIVgor infection over time in nonhabitu-
ated wild-living gorillas in an area with a relatively high density of
SIVgor-infected animals. We were able to identify at least 34
SIVgor-infected gorillas, characterize additional SIVgor strains,
resample SIV-positive and -negative individuals over time, recon-
stitute gorilla groups by using noninvasive methods among non-
habituated animals, and obtain evidence for SIVgor transmissions
within and between groups. Finally, we could document the ge-
netic diversity of SIVgor in different gorilla groups and found viral
adaptation in the envelope of SIVgor over time in its natural host.

During the study period, we identified SIV antibodies in 16%
of the gorilla samples, corresponding to at least 34 SIVgor-positive
gorillas living in an area of approximately 200 km? in the center of
the Campo Ma’an Park. Similar to the case for SIVcpzPitt and
SIVcpzPts, SIVgor prevalences were also unevenly distributed, but
the SIVgor prevalence at a site did not reach the 30% to 40% rates
observed in certain central and eastern chimpanzee populations
(22,55; Y. Lietal, presented at the Cold Spring Harbor Laboratory
Meeting on Retroviruses, Cold Spring Harbor, NY, 2012; F. Lieg-
eois et al., presented at The Conference on Retroviruses and Op-
portunistic Infections, Seattle, WA, 2012). For other nonhuman
primate species, prevalences can also vary, from 0% to >50%,
according to species or geographic localities (reviewed in refer-
ence 27). Importantly, 11 of the 34 gorillas were resampled at
different time intervals, allowing us to monitor infected nonhab-
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ituated gorillas noninvasively. We were also able to identify four
social groups and three putative social groups with SIVgor-in-
fected animals by combining microsatellite analysis and field data.
Thus, we confirmed, in a 7.5-year survey, the previously reported
data from Arandjelovic et al. which showed the effectiveness of
noninvasive monitoring of wild gorilla groups during a 2-year
period with frequent missions (1). During our 7.5-year study,
SIVgor-positive animals and social groups with SIVgor-infected
gorillas were detected on up to 17 occasions (for group A), during
the same or independent missions. Between 2010 and 2011, fol-
low-up missions were conducted at shorter intervals, and as a
consequence, resampling of individuals and groups increased ac-
cordingly. The identified social groups had overlapping home
ranges and varied in size from 2 to 15 individuals, with different
male/female sex ratios, which is typical of western lowland gorillas
(1, 15, 43). We determined the SIV infection rates (13 to 29%) in
four identified nonhabituated social groups. We were also able to
identify a single adult male (ID38) infected with SIV, illustrating
that migrating individuals infected with SIVgor can be responsible
for the spread of viruses in the area by fighting for a dominant
position or by other routes while transferring to a new gorilla
social group (2, 29, 43). Despite previous studies reporting that
the use of RNAlater is not optimal for DNA analyses (36), we
obtained a microsatellite amplification success rate comparable to
those in previous studies on noninvasive samples, showing that
storage of fecal samples in RNAlater allows for combined studies
on the host and its pathogens.

By combining the analyses of viral genetic diversity, the infor-
mation on the social groups, and the genotypes of the individuals,
we could infer potential routes of transmission. In a previous
study, we reported that SIVgor strains infecting individuals from
two groups identified at nesting sites were highly similar (34). In
this study, we confirmed this pattern for two additional groups.
However, in this new survey, divergent strains were also found to
circulate within groups (three examples were found). In fact, there
are no limiting natural geographic barriers in the studied area, and
we found that different groups circulate with overlapping ranges.
These characteristics made possible both male and female trans-
fers (11), and thus SIV strain circulation, among various groups of
gorillas.

The ratio of infected females to total females in a social group
was generally higher than the ratio of infected males to total males.
In gorilla groups where several females and only one male are
sexually active (24, 47), this observation could support the hy-
pothesis that STVgor transmission between individuals in a group
occurs mostly via the horizontal route, by sexual contact. Further-
more, we identified two pairs in which sexual transmission was
highly suspected, since the implicated males and females were not
genetically linked but were infected with highly similar viruses.
We can thus hypothesize that SIVgor transmission by sexual con-
tact also drives the epidemic in lowland gorillas. Rudicell and col-
leagues showed that the SIVcpzPts transmission probability is ap-
proximately 0.001 transmission event per coital act for eastern
chimpanzees, which is comparable to the HIV-1 transmission
probability for humans by the same route (44). Nevertheless, hor-
izontal transmission could also occur via blood contact during
grooming or aggressive behavior.

Besides horizontal transmission, we reported cases of sus-
pected vertical transmission of SIVs in gorillas. Mother-to-infant
viral transmission (MTIT) could occur in utero or by breastfeed-
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ing, since gorillas are weaned at approximately 4 years of age and
therefore can be infected after birth (21, 64). Sexual transmission
between related individuals (at first degree) is unlikely, as females
and males leave the natal group at sexual maturity to avoid in-
breeding (12, 24, 47). By deducting microsatellite matches and
highly related viruses, we identified five putative vertical transmis-
sions, but because we had no data on the ages of the apes, it was
impossible to ascertain whether we were looking at father-daugh-
ter pairs or mother-son pairs or to discriminate mothers or
daughters among linked female pairs. Interestingly, in a few cases,
the presumed mother-infant pairs involved individuals from dif-
ferent groups, e.g., ID1 (group E) and ID33 (group G), which
suggested that the infected infants did not die early of SIV infec-
tion and were able to emigrate from their respective natal groups.
This behavior is common in healthy weaned female and male
western lowland gorillas and has been reported in several studies
(24, 43,47). MTIT of nonpathogenic SIV infection, such as SIVsm
infection of sooty mangabeys or SIVagm infection of African
green monkeys, is rarely seen (reviewed in reference 7). In con-
trast, for SIVcpz, which is pathogenic in its natural host, vertical
transmissions are observed, and infants born to SIVcpzPts-posi-
tive mothers have a significantly higher mortality rate than those
born to uninfected mothers (22). In addition, many naturally
SIVcpzPtt-infected chimpanzees in captivity have died as infants
upon arrival in sanctuaries (reviewed in reference 13). Further
studies are thus needed to confirm the putative vertical transmis-
sion of SIVgor strains and the survival rate of infected infants, as
this characteristic is highly informative regarding the impact of
SIVgor on the structure and survival of gorilla populations. More
generally, it would be interesting to better understand if there is a
link between SIV/HIV pathogenicity and MTIT.

Since we identified two possible cases of seroconversion during
the time of survey, we show here that there are ongoing SIVgor
transmissions in wild-living gorilla populations. Nevertheless,
only a few samples were available to confirm these seroconver-
sions, and even with the use of PCR amplification controls, we
cannot exclude the possibility of false-negative results, mainly be-
cause we detected SIVgor antibodies in fecal samples by cross-
reactivity with the Inno-Lia HIV-1/2 assay. In fact, the sensitivity
of this assay has not been determined for SIVgor infection, since
there is no captive SIV-positive gorilla for comparison. Further-
more, the test was performed on fecal samples, which result in
lower sensitivities and may also have had antibody shedding over
time.

SIVgor evolution within its natural host has never been char-
acterized, since no naturally SIV-infected gorilla has been docu-
mented in captivity. In this study, we characterized the virus in-
fecting the positive nonhabituated gorilla ID1 in April 2004 and
December 2008. The clones obtained from the V1V4 gp120 region
(~1,000 bp) were very similar at a given time, showing that the
low viral loads in fecal samples can be a drawback to noninvasive
genetic diversity studies. However, we could compare the strains
infecting the animal 4.7 years apart. We showed that the V1V4
region was significantly longer in 2008 than in 2004 (+24 aa),
mainly due to a longer V1 loop. Furthermore, we observed a sig-
nificantly increased number of PNGS in the V1V2 region over
time. Like that of SIVcpz in naturally infected chimpanzees (13,
37) or SIVsmm in naturally infected sooty mangabeys (10),
SIVgor V1V2 appears to be highly glycosylated. An increasing
number of PNGS in the gp120 hypervariable loops of HIV-1 has
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been associated with the escape of viral mutants (31, 59). Also,
longer HIV-1 V1V2 loops (particularly in V1) with increased
numbers of PNGS in Env have been correlated with escape from
HIV-1-specific neutralizing antibodies at both the individual and
population levels (6, 54), possibly by the shielding of envelope
epitopes from antibody recognition (8, 28, 41, 46). Furthermore,
these VIV2 characteristics were recently associated with disease
progression in humans (9). Whether they are also associated with
an AIDS-like disease progression in gorillas has still to be deter-
mined. In addition, a switch from a GPL to a GPM motif (found in
HIV-1 group O) in the V3 crown was observed. To our knowl-
edge, such a switch or its implication has not been reported in the
literature yet, apart from a follow-up study of a SIVcpzPtt infec-
tion in a naturally infected captive chimpanzee over 5 years
(GPAM-to-GPGM switch) (13). The role of such a mutation in
the V3 crown and the biological properties of the corresponding
viruses need to be studied further.

In conclusion, our study demonstrates the feasibility of moni-
toring SIV infection in wild-living nonhabituated gorillas over a
long period in a region of Cameroon where SIVgor prevalence is
relatively high. We not only identified new SIVgor strains during
our survey, showing ongoing SIVgor transmissions in the wild,
but also obtained follow-up samples from infected gorillas and
their putative social groups, from which we could retrieve impor-
tant information on the SIVgor infection rate, routes of transmis-
sion, and viral evolution within the natural host. The possibility
that SIVgor is pathogenic for its natural host is a major concern
given the highly endangered status of western lowland gorillas,
and it can be studied only by noninvasive surveys implemented
over a sufficiently long period to allow for the documentation of
both new SIVgor infections and deaths of infected gorillas. It will
also be important to compare SIVgor infection in gorillas with
SIVcpz infection in chimpanzee populations with different social
structures, which could have different consequences on the modes
and efficiency of viral transmission, viral evolution at the popula-
tion level, pathogenicity, and survival of the populations in gen-
eral. Many different pathogens can be detected in fecal samples, as
reported in previous studies (18, 25, 26, 30); coupling long-term
monitoring of SIVgor infection with investigations of the presence
of other viruses or parasites will provide us with a better picture of
the role that SIV plays in the health and survival of wild gorillas at
both the individual and population levels. Finally, noninvasive
monitoring can also be applied more generally to the study of
other pathogens in wildlife.
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